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Abstract. The BL Lac object Mkn 421 was observed
three times by the X-ray observatory BeppoSAX in con-
secutive days during 1997 April and May. The source was
in a quiescent state, with an average 2–10 keV flux of
9.0×10−11 erg cm−2 s−1. Flux variation by a factor of ≃2
on timescales as short as a few 104 s were more pronounced
in the hard (i.e. above ≃3 keV) than in the soft X-rays.
The broadband (0.1–40 keV) spectrum is concave and can
be most easily explained with a power-law model which
steepens gradually with energy. In this framework, nei-
ther photoabsorption edges nor resonant absorption lines
are required, strengthening the case against the ubiquity
of such features in BL Lac objects, which had been previ-
ously suggested by Einstein observations. The broadband
spectrum hardens with hard X-ray flux, mostly due to a
flattening above ≃4 keV. This suggests that the relativis-
tic highest energy electron distribution properties drive
the X-ray spectral dynamics: either a stratification of the
distribution in the jet with energy or inhomogeneities in
the electron injection mechanism could be consistent with
the observed variability pattern.
Key words: Galaxies: active – BL Lacertae objects: indi-
vidual: Mkn 421 – Galaxies: jet – Galaxies: nuclei – X-rays:
galaxies
1. Introduction
Mkn 421 was the first BL Lac object to be detected in X-
rays (Ricketts, Cooke & Pounds 1976). Subsequent obser-
vations have detected the source up to 100 keV (e.g.: Uber-
tini et al. 1984). The X-ray emission of Mkn 421 is highly
variable, with distinct behavioral differences between soft
and hard X-rays. In the 0.5-10 keV band the source is vari-
able on time scales ranging from several hours to days, oc-
casionally exhibiting large X-ray outbursts characterized
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by a marked hardening of the spectrum. EXOSAT obser-
vations showed that during the quiescent state the source
hardens as it brightens (George, Warwick & McHardy
1988). Giommi et al. (1990) showed that flux variations in
the hard X-ray band (0.7–8 keV) were more pronounced
than those in the soft band (0.06–0.3 keV).
Observations with EXOSAT (Giommi et al. 1990),
ROSAT (Fink et al. 1991) and ASCA (Kubo et al. 1998)
reveal that variability of Mkn 421 in the soft X-ray band
can be represented by small-amplitude variations about
a quiescent level that remains temporally relatively con-
stant. The timescale of these variations is of the order of
days to weeks (George et al. 1988).
Mkn 421 has also been detected in γ-rays by Compton
GRO/EGRET (Lin et al. 1996), and it was the first extra-
galactic source to be detected at TeV energies (Punch et
al. 1992). Multiwavelength observations have shown that
variability in the X-ray band is accompanied by significant
variability in the TeV region, with little or no change in
other wave bands (Macomb et al. 1995).
In this paper we report on three observations of
Mkn 421 in 1997 April and May with the Narrow Field
Instruments (NFI) on board the BeppoSAX X-ray obser-
vatory (see Table 1 for a log of the observations).
2. Observations and data reduction
The Italian-Dutch BeppoSAX X-ray observatory (Boella,
Perola & Scarsi 1997a) carries four co-aligned NFI, which
cover more than three decades of energy from 0.1 to
300 keV. These are:
– the Low Energy Concentrator Spectrometer (0.1–
10 keV, LECS, Parmar et al. 1997);
– three identical Medium Energy Concentrator Spec-
trometers (1.3–10 keV, MECS, Boella et al. 1997b);
– a High Pressure Gas Scintillator Proportional Counter
(4–120 keV, HPGSPC, Manzo et al. 1997).
– a collimated Phoswitch Detector System (13–300 keV,
PDS, Frontera et al. 1997);
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Table 1. Mkn 421 observations log. Note that the LECS is only operated during spacecraft nighttime and collimated
detectors spend about 50% of the time observing the background
1997 April 29 (MJD 50567) 1997 April 30 1997 May 1
Instrument Count rate Exp. time Count rate Exp. time Count rate Exp. time
(Hz) (ks) (Hz) (ks) (Hz) (ks)
LECS 2.119 ± 0.0137 11.6 2.097 ± 0.0138 11.4 2.529 ± 0.0153 11.2
MECS1 0.544 ± 0.005 21.9 0.535 ± 0.005 24.0 0.633 ± 0.005 23.8
MECS2 0.797 ± 0.006 21.9 0.783 ± 0.006 24.0 0.915 ± 0.006 23.8
MECS3 0.827 ± 0.006 21.9 0.821 ± 0.006 24.0 0.970 ± 0.006 23.8
PDS 0.09 ± 0.03 11.0 0.19 ± 0.03 10.8 0.16 ± 0.03 9.1
In this paper results from the LECS, MECS and PDS
instruments are presented, because the HPGSPC data
could not provide any significant spectral constraint. The
HPGSPC is actually tuned for spectroscopy of bright
sources with good energy resolution, while the PDS pos-
sesses an unprecedented sensitivity in its energy band.
Data were processed using the SAXDAS package (ver-
sion 1.3.0). Publicly available response matrices (Septem-
ber 1997 release) were used.
For the imaging detectors, source spectra were ex-
tracted from regions of 8′ and 6′ radius, centered on the
source positions in the LECS and MECS, respectively.
Background spectra were extracted from blank sky fields.
The background contributes less than 0.1% and 1% to the
LECS and MECS full bandpass count rates of Mkn 421, re-
spectively, and less than 10% in each energy channel even
at the highest MECS bandpass energies. Background sub-
traction is therefore not critical for such a bright source.
PDS spectra were accumulated after excluding inter-
val of source eclipse and each 5 minutes after a South
Atlantic Geomagnetic Anomaly Passage, to avoid a gain
instability due to recovery to the nominal crystal volt-
ages after switch-on. PDS events were screened with a
temperature-dependent Rise Time (RT) threshold, which
allows a reduction by a factor of up to 50% of the instru-
mental background. Mkn 421 is detected at 8σ level in
the 13–30 keV band. All spectra were rebinned in order to
have at least 20 counts per channel, to ensure the applica-
bility of χ2 statistics. In the following, energies are quoted
in the source frame and uncertainties at 90% level of con-
fidence for each parameter (i.e.: ∆χ2 = 2.71, Lampton,
Margon & Bowyer 1976), unless otherwise specified.
3. Results
3.1. Timing analysis
In Fig. 1 the satellite orbit–averaged (i.e.: binning time
5700 s) light curves in the 0.1–3 keV (LECS) and 3–10 keV
(MECS) energy ranges are shown (the energy boundaries
have been chosen to sample different spectral components,
see Sect. 3.2). Peak-to-peak variability by factors of 80%
and 130% is evident in the 0.1–3 keV and 3–10 keV bands,
Fig. 1. Light curves in the 0.1–3.0 keV (LECS, upper
panel), 3.0–10.5 keV (MECS, central panel) and their
hardness ratio (HR). Binning time is 5700 s, approxi-
mately one BeppoSAX orbit. The dashed line marks the
average HR
respectively. The 3–10 keV/0.1–3 keV hardness ratio (HR)
exhibits a much smaller (≃ 20%) dynamical range. Fig. 2
shows HR plotted against intensity (CR) and shows that
the HR tends to increase with increasing intensity up to
CRbreak and then “saturates” to a constant level. If the
data points in Fig. 2 are fit with a broken linear relation,
CRbreak ≃ 0.82 s
−1.
This pattern of variability is typical of the quiescent
X-ray state of Mkn 421 (Giommi et al. 1990; Sambruna
et al. 1994). Indeed, simultaneous optical and TeV γ-ray
observations of the source confirm the lack of any signif-
icant activity at the time (McEnery & Weekes, private
communication). The state of quiescence is further sub-
stantiated by the BATSE light curve covering the the
three days of the BeppoSAX observations (see Fig. 3).
The BATSE daily monitoring sensitivity is ∼100 mCrab,
implying that sensitivities of the order of few mCrab could
be achieved by integrating the data over a period of few
The quiescent state broadband X-ray spectrum and variability of Mkn 421 3
Fig. 2. Hardness ratio constructed from the 3–10 keV and
0.1–3 keV counts versus 3–10 keV count rate. Each data
point corresponds to an integration time of 5700 s
Fig. 3. BATSE light curve of Mkn 421 for the 100-day
period covering the three days of BeppoSAX observation,
using a bin of 5 days of the daily data. The BATSE data
were collected by the Large Area Detectors in Earth occul-
tation mode (Harmon et al. 1992). Fluxes correspond to
the 20–100 keV range and have been calculated by folding
a simple power-law of photon index 1.7
years. Over the 100 days covering the BeppoSAX obser-
vation, the 2σ upper limit on the 20–100 keV flux was
11× 10−11 erg s−1 cm−2.
3.2. Spectral analysis
Spectra from the three observations were combined, in or-
der to maximize the signal statistics. However, given the
spectral variations revealed by the timing analysis, spec-
tral analysis was performed separately on three different
Fig. 4. Spectrum and best-fit model (upper panel) and
residuals in units of standard deviations (lower panel)
when the time-averaged spectrum of Mkn 421 is fit with
a simple absorbed power-law model. Each data point has
a signal to noise ratio > 3
data sets (a) the total time-averaged spectrum (“Phase T”
hereafter); (b) a spectrum integrated over the time inter-
vals when the 5700 s binned 3–10 keV MECS light curve
has a count rate CR < CRbreak (“Phase A” hereafter); (c)
the complement of Phase A (“Phase B” hereafter). Spec-
tra from the three MECS units were summed together af-
ter gain equalization and fit together with the data from
the other instruments. Data were selected between 0.1–
4.0 keV, 1.8–10 keV and 13–30 keV for the LECS, MECS
and PDS, respectively. Factors were included in the spec-
tral fitting to account for known normalization uncertain-
ties between the instruments and the PDS to MECS factor
was fixed to 0.75. This value is a factor ≃ 0.82 lower than
reported by Cusumano et al. (1998) for the Crab Nebula
observation, to account for the effects of the RT screen-
ing algorithm. The following results are not affected by a
residual ∼ 10% uncertainty on the exact value of this pa-
rameter. The spectral results are summarized in Table 2.
The X-ray spectra of BL Lac objects are generally well
described by a single power-law absorbed by an amount of
matter consistent with the Galactic value. Some BL Lac
objects, however, seem to require a model with a broken
power-law, Mkn 421 being one of these (Comastri et al.
1997; Takahashi et al. 1996).
A single power-law model provides an unacceptable fit
for both the total (reduced χ2ν |T = 3.26) and the inten-
sity resolved spectra (χ2ν |A = 1.86; χ
2
ν |B = 1.86). Fig. 4
demonstrates that this is not due to a localized feature but
to a incorrect modeling of the spectrum in the whole 0.1–
30 keV energy range. Although a broken power-law yields
a dramatic improvement of the quality of the fit, the fit is
still unacceptable for the T and B datasets (χ2ν |T = 1.28;
χ2ν |A = 1.06; χ
2
ν |B = 1.21). A good fit can be obtained if
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Table 2. Best-fit spectral parameters
Photoelectric absorbed power–law model
Phase NH Γ χ
2/ dof
(1020 cm−2)
A 3.83± 0.11 2.718 ± 0.018 839/450
B 3.84± 0.08 2.643 ± 0.012 1333/531
T 3.80±0.060.05 2.660±
0.010
0.009 1833/561
Photoelectric absorbed broken power–law model
Phase NH Γ1 Γ2 Ebreak χ
2/ dof
(1020 cm−2) (keV)
A 1.9±0.20.3 2.10±
0.10
0.09 2.82±
0.02
0.03 1.28±
0.13
0.11 474/448
B 2.03±0.180.16 2.11±
0.06
0.07 2.734±
0.0015
0.013 1.39±
0.11
0.09 640/529
T 1.98±0.130.12 2.11 ± 0.05 2.756±
0.0011
0.0012 1.35 ± 0.07 716/559
Photoelectric absorbed broken power–law + 2 absorption edges model
Phase NH Γ1 Γ2 Ebreak Eth τ χ
2/ dof
(1020 cm−2) (keV) (keV)
A 1.7± 0.2 2.02 ± 0.08 2.96±0.040.03 1.57±
0.11
0.13 1.25±
0.08
0.06 0.25±
0.09
0.10 425/445
1.56† 0.19±0.110.12
B 1.80±0.170.15 2.00±
0.07
0.06 2.87± 0.03 1.65±
0.13
0.10 1.26±
0.12
0.10 0.19± 0.07 531/525
1.60±0.180.05 0.22± 0.08
T 1.77±0.130.12 2.01 ± 0.05 2.88±
0.02
0.03 1.60±
0.04
0.12 1.23±
0.08
0.07 0.18±
0.06
0.05 561/554
1.56 ± 0.11 0.22± 0.06
Photoelectric absorbed variable curvature power–law model
Phase NH ΓE ΓH E0 χ
2/ dof
(1020 cm−2) (keV)
β = 1.0
A 1.8±0.20.3 2.00±
0.10
0.12 2.73
0.02
0.03 1.9± 0.9 436/447
B 2.04±0.160.17 2.07 ± 0.07 2.66±
0.03
0.02 2.8± 0.6 553/529
T 1.93± 0.13 2.04 ± 0.04 2.664 ± 0.014 2.3± 0.5 601/558
β = 0.3
A 1.5±0.20.3 1.3±
0.2
0.3 2.75
0.04
0.03 2.9±
1.1
0.7 430/447
1.64† 1.45† 2.77± 0.03 3.5±0.50.4 431/449
B 1.74±0.180.17 1.53±
0.14
0.15 2.70±
0.05
0.03 4.8±
2.8
1.2 529/529
1.64† 1.45† 2.69± 0.02 4.2±0.40.3 530/529
T 1.64±0.140.13 1.45±
0.11
0.13 2.70± 0.02 3.7±
0.9
0.7 568/568
†fixed
a pair of photoabsorption edges is added to the broken
power-law, with threshold energies E1th ≃ 1.23 keV and
E2th ≃ 1.55 keV. The addition of both edges is statistically
required in the time-averaged spectrum (∆χ2 = 126 and
29 for their subsequent inclusion in the spectral model).
The best-fit threshold energies are broadly consistent with
those expected from highly ionized Neon species Neix
(Eth = 1.19 keV) and Nex (Eth = 1.36 keV). No Oxygen
edges are, however, detected, with the 90% upper limit on
the optical depth of an Ovii (Oviii) edge of 0.13 (0.12).
This makes such a model unlikely (see the discussion in
Sect. 4), despite an acceptable χ2ν |T = 1.04.
If a narrow (i.e.: intrinsic width equal to 0) Gaus-
sian line is instead employed to model the “bump”
in the residuals around 1 keV, the improvement
in the quality of the fit is much less, albeit for-
mally still highly significant (∆χ2 = 15, correspond-
ing to chance occurrence likelihood of ∼ 1.5× 10−5),
with best fit parameters: NH = 2.07±
0.13
0.14 ×10
20 cm−2;
Γ1 = 2.17±
0.04
0.06; Γ2 = 2.761±
0.011
0.012; Ebreak = 1.51±
0.12
0.16 keV;
Eline = 0.97±
0.05
0.04 keV; EWline = 16±
6
7 eV.
An alternative explanation for the relatively poor fit
of the broken power-law model is that the intermediate X-
ray spectrum undergoes a gradual and smooth steepening
with energy, which cannot be described by an abrupt (and
unphysical) switch in the spectral photon index. A gradual
steepening with energy on the other hand agrees with the
Synchrotron Self Compton (SSC) scenario, which is nowa-
days widely accepted to explain the Spectral Energy Dis-
tribution (SED) of BL Lac objects (Ghisellini, Maraschi &
Treves 1985; Ghisellini 1989). We have therefore param-
eterized the gentle concave curvature in the spectra with
the function:
F(E) = E{−f(E)ΓH+[1−f(E)]ΓE}
where f(E) = [1− exp(−E/E0)]
β , ΓE and ΓH are the low
and high energy asymptotic slopes and β is a “curvature
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radius” in the energy space. This model has only one de-
gree of freedom more than the simple broken power-law.
This model has already successfully fit the BeppoSAX
spectrum of PKS 2155−304 (Giommi et al. 1998). It was
impossible to obtain a significant constraint on β from
the fitting, the nominal best fit value being ≃0.30 for all
datasets. In Table 2 the results for β = 0.3 and β = 1 are
shown. The former case is strongly favored from the sta-
tistical point of view and will be therefore discussed in the
following. The χ2ν is comparable with that from the broken
power-law + edges model for all datasets (χ2ν |T = 1.02;
χ2ν |A = 0.96; χ
2
ν |B = 1.00). The asymptotic spectral
indices are Γ1 ≃ 1.45 and Γ2 ≃ 2.70, with a folding en-
ergy E0 ≃ 3.7 keV. Interestingly, the best-fit absorbing
photoelectric column density (NH ≃ 1.64× 10
20 cm−2)
is well consistent with the Galactic contribution along
the line of sight to Mkn 421 (NHGal = 1.6× 10
20 cm−2,
Dickey & Lockman 1990). The average 0.1–2 keV and
2–10 keV fluxes are 1.76 × 10−10 erg cm−2 s−1 and
9.0 × 10−11 erg cm−2 s−1, corresponding to rest frame
luminosities of 7.4 and 3.9× 1044 erg s−1, respectively.
Using this physically reasonable description of the con-
tinuum, both in the time averaged and intensity resolved
spectra, the next step is to understand which model pa-
rameter(s) (and therefore which physical quantities) can
be considered responsible for the spectral changes ob-
served in Mkn 421. If all the parameters are left free,
there is a suggestion that ΓH and E0 vary between Phase
A and B spectra, but they are still marginally consistent
within the statistical uncertainties. The fits on the inten-
sity resolved spectra were therefore repeated, after fixing
the other two parameters (i.e.: NH and ΓE) to their best-fit
values obtained from the time averaged spectrum fitting.
The asymptotic high energy slopes are different at the
90% confidence level, while the folding energies are still
consistent. However, whatever the detailed reason for the
spectral change is, it is what happens above ≃4 keV that
determines the observed spectral variability. In Fig. 5 the
best-fit model and residuals are shown for all the datasets.
Narrow-band features such as Gaussian lines, absorp-
tion edges or saturated absorption lines were added to
the best-fit power-law with variable curvature model. The
largest improvement in fit quality is obtained in the last
case (∆χ2 = 2.6 for 2 degrees of freedom, which is signif-
icant at the 90% level of confidence only), with centroid
energy Enotch ≃ 0.55 keV. If the notch energy is held fixed
at 0.654 keV (Lα resonant absorption of Oviii), following
the discovery of such feature in the Einstein spectra of
several BL Lac objects (Canizares & Kruper 1984; Made-
jski et al. 1991), only a 90% upper limit of 10 eV on the
EW can be set.
4. Discussion
Since the detection of this source at TeV energies (Punch
et al. 1992), and the observation of correlation in the flar-
Fig. 5. Spectra and best-fit model when a photoelectric
absorbed power-law with a gradually changing spectral
index is applied to the time-averaged spectrum of all the
instrument simultaneously (upper panel). The other pan-
els show the residuals in units of standard deviations when
this model is applied to the time-averaged (upper middle),
Phase A (lower middle) and Phase B (lower) spectra
ing activity at X-ray and TeV energies, observations of
Mkn 421 at X-rays have become more important. The
temporal coincidence of flaring in X-ray and TeV supports
emission models where both components are produced by
the same population of electrons with the X-rays at the
endpoint of the Synchrotron spectrum and the γ-rays at
the endpoint of an inverse Compton spectrum (Takahashi
et al. 1996). This is consistent with the overall picture
drawn from the SED of Mkn 421 which is characterized
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by two maxima, one in the UV/soft X-ray band, and the
second at GeV to TeV energies.
There is strong evidence that the X-ray spectrum of
High-energy peaked BL Lac objects (HBL) is concave
(Sambruna et al. 1994; Tashiro et al. 1995; Takahashi et
al. 1996; Sambruna et al. 1997). However, even the “stan-
dard” broken power-law model is unable to reproduce
the spectral curvature of Mkn 421 observed here. A sys-
tem of two absorption edges, whose threshold energies are
broadly consistent with highly ionized Neon species Neix
and Nex, is needed to get an acceptable fit quality. How-
ever, if the edges represent the imprinting of a photoion-
ized absorber along the line of sight, it is difficult to ex-
plain the presence of highly ionized Neon, while no Oxygen
feature is detected. Assuming the K-shell photoionization
cross section formulae from Band et al. (1990), the equiva-
lent Neon column density inferred by the measured optical
depth is NNeH ∼ 4× 10
22 cm−2, assuming that the detected
species represent the bulk of the elemental abundance. In
a photoionized plasma with spectral index Γ ∼ 2, the si-
multaneous presence of Ne ix and Ne x implies an ion-
ization parameter ξ ∼ 102, for which Oviii should be the
dominant Oxygen ionic species (see e.g. Kallman & Mc-
Cray 1982). Steeper spectra should only enhance the rel-
ative Oxygen/Neon ratio. The observational upper limit
on Oxygen abundance is, however, more than one order of
magnitude lower than Neon (N0H < 2× 10
21 cm−2). This
scenario is viable only if deep Oxygen edges were detected
as well. However, ROSAT found no evidence for these
spectral features (Fink et al. 1991). We conclude that such
a description of the observed spectrum is unphysical and
can be discarded.
A good fit is obtained with a model where the spectral
steepening occurs gradually, hence no additional spectral
component is required. In this framework, the hardening
of the spectrum with increasing flux is basically due to a
change of the X-ray spectral properties above ≃4 keV.
It is generally believed that the radiation from BL Lac
objects is relativistically beamed (Blanford & Rees 1978)
and that the beam points directly towards the observer
(Marscher 1980; Ko¨nigl 1981). The shape of the spectrum
and the measurement of polarization in the radio to op-
tical bands provide the basis for the interpretation of the
emission in terms of SSC models. Here emission up to
X-ray wavelengths is caused by a relativistic population
of electrons via the synchrotron process, while the γ-ray
photons are created by inverse Compton scattering of the
same electron population with the ambient photons (Breg-
man et al. 1990; Kawai et al. 1991). In the SSC model,
the radiation output is driven by the highest energy elec-
trons. The observed curvature of the X-ray spectrum can
be explained by assuming that the jet is structured and
the electron distribution is located in a smaller (inner) re-
gion of the jet with increasing energy. An increase in the
synchrotron flux means an extension of the region where
the high energy electrons are injected, probably in con-
nection with increased activity of the nuclear engine. Al-
ternatively, the hardening of the spectrum with increasing
X-ray flux could be due to the injection of new electrons in
the jet, which are highly energetic and therefore produce
a flatter spectrum before they suffer significant radiative
losses.
Einstein observations of a small sample of X-ray bright
BL Lac objects indicate that an absorption feature at
0.65 keV may be a ubiquitous feature in their soft X-
ray spectra (Majedski et al. 1991). This feature was first
claimed to be detected by Canizares & Kruper (1984) in
PKS 2155−304. It was interpreted as Lyα resonance ab-
sorption in Oviii (E = 654 eV). However, ROSAT obser-
vations (Fink et al. 1991) of Mkn 421 found no evidence
for such a spectral feature. The BeppoSAX observation
of PKS 2155−304 did not detect such a feature either
(Giommi et al. 1998), casting further doubts on its exis-
tence in BL Lac objects. In agreement with these findings,
our data show no evidence for any spectral features in the
spectrum of Mkn 421. In particular no absorption feature
is observed around 0.6 keV, the 90% upper limit on the
equivalent width of a Lyα resonance absorption in Oviii
being only 10 eV.
5. Conclusions
We summarize the main results of the presented Bep-
poSAX observations of Mkn 421 as follows:
- Mkn 421 was observed in a quiescent state, with an
average 2–10 keV flux of 9.0× 10−11 erg cm−2 s−1. It
exhibited flux variation by a factor ≃2 on timescales
as short as a few 104 s
- an energy threshold between different variability pat-
terns can be set at ≃3–4 keV. The 3–10 keV vs.
0.1–3 keV HR increases with increasing flux up to
≃8 × 10−11 erg cm−2 s−1 and then “saturates” to a
constant level
- the average 0.1–40 keV spectrum exhibits a grad-
ual steepening with energy. This effect is foreseen by
the SSC scenario, where the X-rays originate as syn-
chrotron radiation from a relativistic population of
electrons in the jet. If the proper (albeit admittedly
phenomenological) continuum model is adopted, no
soft X-ray absorption feature is required, with a 10 eV
upper limit on the equivalent width of any Lyα reso-
nance absorption line
- the observed spectral dynamics can be explained as an
hardening of the high-energy (i.e.: >∼ 4 keV) spectrum,
above a relatively invariant soft X-ray emission. This
can be due to an increase of the injected electron flux
or of the extension of the injection region, possibly in
connection with phases of higher nuclear activity.
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